Two species Lefua echigonia and Lefua sp. 2 of the eight-barbel loach inhabit the Tokai region of Honshu, Japan. We determined sequences of the mitochondrial D-loop region to elucidate intraspecific phylogenetic relationships and variation in these two species. Lefua sp. 2 represented high intraspecific genetic similarity and complicated haplotype network, but three assemblages were recognized, including specimens mainly from Yahagi, Toyo, and Tenryu River systems, respectively, and named Groups 1 to 3. Divergence of Group 1 from the others was marginally supported, but Group 2 was paraphyletic to Group 3, suggesting the existence of two populations, i.e. Yahagi River population and Toyo-Tenryu River population. Lefua echigonia also represented high intraspecific genetic similarity, and two assemblages with slight genetic differentiation were discernible, including specimens from Shizuoka and southeastern Aichi prefectures and those from northwestern Aichi, Gifu, and Mie prefectures, respectively, and named Groups A and B. Star-like relationships of haplotypes suggested the dispersal origin located in eastern Aichi prefecture. The two species are threatened to extinction and thus we proposed evolutionary significant units for conservation.
Introduction
Eight-barbel loaches belonging to the genus Lefua (Balitoridae, Cypriniformes) are primary freshwater fish less than 10 cm in total length. The evolutionary process in Lefua forms part of the evolutionary history of Japanese and East Asian freshwater fishes. Four species have been formally described. Lefua nikkonis (Jordan et Fowler, 1903 ) is endemic to Hokkaido, Japan, L. echigonia Jordan et Richardson, 1907 inhabits Tohoku to Kinki districts in Honshu, Japan, and L. costata (Kessler, 1876 ) is distributed widely in East Asia including Korea, China, and Russia, but has been introduced to restricted areas in Honshu, Japan [1] .
Lefua pleskei (Herzenstein, 1887 ) is distributed in eastern Russia [2] . Another species, Lefua sp. was separated from L. echigonia based on morphological traits with a greater distance between the dorsal and ventral fins, longer snout length, lower body height, and narrower body width of Lefua sp. than L. echigonia [3] [4], and on ecological traits with habitats of relatively fast-flowing mountain streams with gravelly beds of Lefua sp. contrasting with habitats of relatively slow-flowing streams with muddy beds in marshlands, spring water, rice paddy irrigation channels, and the backwaters of floodplains of L. echigonia [5] . Lefua sp. is waiting for a formal scientific description. This species is distributed in western Japan including Kinki, Hokuriku, and Chugoku districts in Honshu and also in Shikoku. Additionally, we suggested recently that Lefua loach occurring locally in Aichi and Shizuoka prefectures of the Tokai region in Honshu, Japan is the sixth possible species [6] [7] . Although the loach had been identified as Lefua sp. on morphological and ecological grounds as above, our phylogenetic study by mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) sequencing showed that the loach in the Tokai region comprised a monophyletic group and was more closely related to L. echigonia than to Lefua sp. In our previous study, we designated it the L. sp. Tokai population, and thereafter Lefua sp. in western Japan was classified as Lefua sp. 1 and the loach in the Tokai region as Lefua sp.
in the Red List issued by the Japanese Ministry of the Environment in 2014
(see also [8] ). According to the classification, we herein designate the loach in the Tokai region as Lefua sp. 2. Some studies showed embryological differences in Lefua loaches [9] [10] [11] [12] . However, we cannot perform comparative embryology among the above six species and among intraspecific populations of each species, because those studies have been done using only limited samples of two species, Lefua sp. 1 and L. echigonia.
Although the taxonomic status of Lefua sp. 2 remains to be specified, it has a unique evolutionary background clearly [6] . We suggested parallel morphological evolution between Lefua sp. 1 and Lefua sp. 2 [7] . Although their distributions are disjunct, both species occur in relatively fast-flowing mountain streams with gravelly beds and generally have more slender bodies for adapting to fastflowing streams than L. echigonia. The slender bodies allow them to avoid fast flowing water through exploitation of spaces within the gravel bed of streams. These populations occur in regions that are geographically well separated by mountain ranges and highlands [1] [16] . The populations should be considered evolutionary significant units (ESUs, as defined by Moritz [17] ) for the protection of the endangered loaches [1] . However, intraspecific phylogenetic relationships and variation in Lefua sp. 2 have not been investigated thoroughly.
Elucidation of cryptic ESUs is crucial for the protection of this unique loach.
In the present study, we demonstrate intraspecific phylogenetic relationships and variation in Lefua sp. 2 and L. echigonia (Tokai population) by sequencing the mitochondrial D-loop region. We present fundamental information for the protection of these endangered species, and discuss their evolutionary history in the Tokai region.
Materials and Methods

Materials
Collecting localities of Lefua sp. 2 (83 specimens) and L. echigonia (40 specimens) are shown in Figure 1 and information on all samples including outgroup specimens is listed in Table 1 . Since both species was registered as endangered species in the Red List, we used large circles on Figure 1 
DNA Sequencing
Total DNA from fin or muscle of each fish was prepared using a DNeasy® Blood & Tissue Kit (QIAGEN GmbH, Hilden) according to the manufacturer's protocol. To amplify mtDNA containing the D-loop region, PCR was performed in a reaction solution (50 µl) containing template DNA (2 µl) and KOD dash (Toyobo Co., Ltd., Osaka) with an initial denaturation at 94˚C for 2 min, followed by 30 cycles of denaturation at 94˚C for 30 sec, annealing at 55˚C for 10 sec, and extension at 74˚C for 30 sec, and with final extension at 74˚C for 7 min. Sequences of the primers used for amplification are shown in 
Results
1) Phylogenic relationships in Lefua sp. 2 and L. echigonia from the Tokai region
To determine phylogenetic relationships of 83 specimens in Lefua sp. 2, the NJ tree was constructed based on 825-bp sequences using Lefua sp. 1 from Hidaka and L. echigonia from Ouchi as the outgroup (Figure 2 ). There were 58 variable sites and 29 parsimony informative sites. Most branches were very short, indicating high sequence similarities. The monophyly of Lefua sp. 2 was well supported (NJ, 100; MP, 100; BA, 1.00), but other groupings within Lefua sp. 2 were generally not well supported because of high sequence similarities. We arbitrarily designated assemblies including specimens mainly from Yahagi, Toyo, and Tenryu River systems as Groups 1 to 3, respectively. Group 1 comprised specimens collected in the major Yahagi and neighboring minor Mito, Nishida, and Otowa River systems (hereafter abbreviated as the Yahagi River system), and was marginally supported (NJ, 69; MP, 49; BA, 1.00). Group 2 was consisted of specimens collected in the major Toyo and neighboring minor Sana River systems (hereafter abbreviated as the Toyo River system), and was paraphyletic to Group 3. Group 3 comprised specimens collected in the major Tenryu and neighboring minor Miyakoda and Oota River systems (hereafter abbreviated as the Tenryu River system), and was poorly supported (NJ, 3; MP, 14; BA, -). Group 2 + Group 3 is monophyletic, albeit poorly supported. Group 2 included exceptionally five specimens collected in the Tenryu River system. As described in the Discussion, localities of those specimens from the Tenryu River system, Gotengawa, Takihashigawa, Fukayagawa, Nanegawa, and Nagaishigawa (sample Nos. 70-74 in Table 1 ), are very close to tributaries of the Toyo River system. Group 3 included an exceptional specimen from the Toyo River system (Aderagawa, sample No. 65).
The p-distance and Fst were low between Groups 2 and 3, although those between Groups 1 and 2 and between Groups 1 and 3 were relatively higher ( Table   3 ), suggesting that Lefua sp. 2 in the Yahagi River system was moderately differentiated from that in the other river systems. MP and BA trees demonstrated similar basal divergences, but splitting at the tip was not conservatively recovered (data not shown).
To determine phylogenetic relationships of 40 specimens in L. echigonia, the NJ tree was constructed based on 867-bp sequences using L. echigonia from Aogaki and Ouchi as the outgroup (Figure 3 ). There were 105 variable sites and 26 parsimony informative sites. The monophyly of specimens from the Tokai region, i.e. the Tokai population of L. echigonia, was well supported (NJ, 95; MP, 97; BA, 0.99). We arbitrarily designated assemblies as Groups A and B. Group A comprised specimens from Shizuoka and southeastern Aichi prefectures (NJ, 41; MP, -; BA, 0.90) and Group B from northwestern Aichi, Gifu, and Mie prefectures (NJ, 47; MP, 56; BA, 0.61). The p-distance and Fst between Groups A and B were low, but their p-distance was higher than those within each group (Table  4) . MP and BA trees demonstrated similar basal divergences, but splitting at the tip was not conservatively recovered (data not shown).
2) Haplotype relationships in Lefua sp. 2 and L. echigonia from the Tokai region Forty-five haplotypes were detected in Lefua sp. 2, and the minimum spanning tree was constructed to represent their relationships (Figure 4) . The tree showed a complicated network of haplotypes, but haplotypes represented by Above diagonal, Fst; on diagonal, intragroup p-distance; below diagonal, intergroup p-distance; *, statistically significant (P < 0.05).
specimens belonging to the three groups were roughly separated from one another. The haplotypes of those belonging to the Yahagi River system were relatively well separated from the others, supporting that Lefua sp. 2 in the Yahagi
River system was genetically differentiated from the others. The haplotypes of Gotengawa, Takihashigawa, Fukayagawa, Nanegawa, and Nagaishigawa from the Tenryu River system were included in the assembly of haplotypes from the Toyo River system, while those of Aderagawa, Fumagawa (sample No. 81), and
Morimachiichimiya (83) (Table 5) , but values of the nucleotide diversity were very low and those in Groups 1 and 2 (Yahagi and Toyo River systems) were lower than that in Group 3 (Tenryu River system). High haplotype and low nucleotide diversities in L. echigonia were similar between Groups A and B.
Discussion
Our results showed that Lefua sp. 2 was an established entity in the Lefua loaches (see also [7] [15]), and that there were not well-defined genetic structures dis- (Table 3) and low nucleotide diversity, although haplotype diversity was relatively high because a number of haplotypes with small nucleotide changes were detected (Table 5) . Therefore, Lefua sp. 2 might have once reduced its population size and dispersed recently from the relic area(s), which is not the case when its Table 1 . Dark grey (pink in the color version), Group A; pale grey (blue), Group B. River by river capturing. This provides a biological clue in resolving whether river capturing between the Tenryu and Toyo Rivers occurred previously. River capturing has been suggested based on river trajectories, while Ikeda [24] insisted from research of riverine sediments that there was no river capturing between the two rivers. The present study indicated that at least a northeastern part of the Toyo River was captured by a northwestern part of the Tenryu River.
The specimen from Aderagawa in the Toyo River system was exceptionally in- Individuals are often isolated from each other and divided into small assemblages, and thus a natural population is destroyed by the obstruction of gene flow.
Small assemblages are susceptible to bottlenecking, and haplotypes included in an original population can be fixed in different manners in different tributaries.
When assemblages are investigated using genetic makers, they can be recognized as genetically distinct and thus reasoned to be assigned to different ESUs. However, they are small anthropogenic populations, but not natural populations. In this case, translocation is prohibited based on anthropogenic but not natural grounds. Next is how finely ESUs should be defined. We still have genetic markers separating organisms up to the individual level, and thus we can define ESUs more finely using faster-evolving genetic markers. However, it is very difficult or impossible and even impractical to conserve so many finely defined ESUs. We have to resolve these problems to adopt the best procedure for the fish conservation. Specimens of L. echigonia from the Tokai region showed lower genetic dif-ferences between Group A and B (0.008 in 
